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ChelatorsThe mitochondrial permeability transition (MPT) plays an important role in cell death. The MPT is triggered
by calcium and promoted by oxidative stress, which is often catalyzed by iron. We investigated the induction
of the MPT by physiological concentrations of iron. Isolated rat liver mitochondria were initially stabilized
with EDTA and bovine serum albumin and energized by succinate or malate/pyruvate. The MPT was induced
by 20 μM calcium or ferrous chloride. We measured mitochondrial swelling, the inner membrane potential,
NAD(P)H oxidation, iron and calcium in the recording medium. Iron effectively triggered the MPT; this effect
differed from non-speciﬁc oxidative damage and required some residual EDTA in the recording medium. Ev-
idence in the literature suggested two mechanisms of action for the iron: NAD(P)H oxidation due to loading
of the mitochondrial antioxidant defense systems and uptake of iron to the mitochondrial matrix via a calcium
uniporter. Both of these events occurred in our experiments but were only marginally involved in the MPT
induced by iron. The primary mechanism observed in our experiments was the displacement of adventitious/
endogenous calcium from the residual EDTA by iron. Although artiﬁcially created, this interplay between iron
and calcium can well reﬂect conditions in vivo and could be considered as an important mechanism of iron
toxicity in the cells.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Respiring mitochondria take up calcium ions avidly until, depending
on other factors such as oxidative stress and adenine nucleotide deple-
tion, speciﬁc mitochondrial membrane proteins rearrange suddenly to
create a large pore. The proton-motive force then collapses, and the accu-
mulated calcium is released along with all other low-molecular-weight
matrix components; the resulting solute equilibration typically re-
sults in mitochondrial swelling unless membrane impermeability is
quickly restored. This phenomenon is known as the mitochondrial
permeability transition (MPT, [1–4], reviewed in [5–10]) or a ‘mitochon-
drial megachannel’ [6]. Transient ‘ﬂickering’ of the MPT pore in low-
conductance mode likely plays a role in cellular calcium homeostasis
and calcium signaling [11,12]. In contrast, persistent high-conductance
MPT, which causes mitochondrial swelling, outer membrane rupture
and the release of cytochrome c, has been implicated in various modes
of cell death, especially necrosis [7,9,13,14]. There is compelling evidence
for a signiﬁcant role of the MPT in pathogenesis from various models of
neuronal injury and in liver injuries of toxic or immune origin, liver car-
cinogenesis, organ preservation for liver transplantation [9,15] and, in
particular, myocardial ischemia–reperfusion [7,9,10].: +420 224 964 280.
8 Bohnice, Czech Republic.
rights reserved.The MPT pore opening is triggered by matrix calcium [1–4], re-
sponds to alterations of the inner membrane potential ([16], partial de-
polarization favors opening) and is further modulated by a plethora of
other agents [5–10, see especially 5,6], such as stimulation by phos-
phate, oxidants, thiol cross-linking reagents and fatty acids or inhibition
bymatrix acidiﬁcation,Mg2+ ions, adenine nucleotides and,most nota-
bly, cyclosporine A. Because of the requirement for matrix Ca2+ accu-
mulation, treatments that prevent energy-dependent calcium import,
such as complete depolarization or ruthenium red, are also protective
against the MPT. Except for the well-documented involvement of mito-
chondrial cyclophilin D, which binds cyclosporine A, the molecular
identity of the MPT pore, especially its core membrane component, re-
mains unclear [8–10]. According to one recent proposal, the MPT pore
may consist of the phosphate carrier and the adenylate exchanger
(ANT) [10]. Regardless of its composition, the MPT pore is remarkably
sensitive to oxidative stress; its opening is promoted by the oxidation
of the matrix NAD(P) pool [2,17] and by the addition of peroxides and
redox cycling agents, but it is inhibited by thiol reagents [reviewed in
6,8–10,18]. Two discrete redox sites have been described: one is sensi-
tive to glutathione oxidation, whereas the other responds to the redox
state of matrix NAD(P) [19,20]. These redox-sensing properties are
thought to be mediated by the oxidation of certain critical membrane
protein thiols, at least some of which likely reside on the ANT [9,10,20].
Iron is themost abundant transitionmetal in the human body and is
indispensable for DNA synthesis, electron transfer and the transport/
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cause aqueous ferrous ions readily autoxidize (react with oxygen)
under physiological pH and oxygen tension to ferric ions, which subse-
quently precipitate as ferric oxohydroxide (rust) [21,22]. In addition,
the valuable ability of iron to catalyze single electron transfers intro-
duces the potential for the highly toxic generation of reactive oxygen
species unless the iron is properly shielded [23,24]. Iron can promote
oxidative stress because of its ability to convert less reactive species
into more reactive species [24]. The Fenton reaction [23–26], in which
iron catalyzes the conversion of fairly stable hydrogen peroxide to the
extremely oxidizing ferryl species and/or the hydroxyl radical, is a
prime example. The spontaneous autoxidation of ferrous iron can also
generate a full range of reactive oxygen species, including the Fenton
oxidant [24,27]. If an excess of reductant such as ascorbate is also pre-
sent, the iron can be recycled and act catalytically. Mixtures of iron
salt or a suitable iron chelate with ascorbate have been widely used to
induce oxidative stress in various in vitro experimental systems.
Because of the limited solubility and potential toxicity of iron, organ-
isms have evolved a wide array of proteins that are specialized for iron
transport, storage and utilization [22,24].Most of the body iron is tightly
bound in hemoproteins, protein Fe–S clusters, the storage protein ferri-
tin, or the transport protein transferrin in blood. Protein-bound iron in
its proper location is generally shielded from uncontrolled radical reac-
tions; this tight sequestration of iron is undoubtedly one of the body's
major strategies for antioxidant defense [24,28]. A small (atmostmicro-
molar) transit pool of redox active iron, known as the ‘labile iron pool’
(LIP) or ‘chelatable iron’, exists only inside the cells [29,30]. The chem-
ical nature of the LIP remains unclear, but its presence has been demon-
strated by ﬂuorescent iron chelators [31,32]. The sequestration of iron
fails under conditions of iron overload, such as that due to hereditary
hemochromatosis or in transfusion-dependent patients; the accumula-
tion of iron results in chronic and ultimately lethal damage, especially to
the liver, pancreas and heart [22]. Themechanism of chronic iron toxic-
ity in iron overload is poorly understood, but free radical reactions are
suspected to occur [22,24], and damage to the mitochondria and the
peroxidation of lysosomal membranes appears to be prominent [22].
Because mitochondria are the site of both the incorporation of iron
into heme and a substantial portion of the assembly of iron–sulfur
clusters, these organelles are the primary consumers of iron in the
cell [33,34]. Several mechanisms of mitochondrial iron uptake have
been considered: import of the cytosolic labile iron, suggested by ef-
ﬁcient uptake of iron salts by isolated mitochondria [35,36]; direct
contact between mitochondria and lysosomes that bypasses the cyto-
sol completely (‘kiss and run’ [37]); or another pathway inaccessible
to chelators, perhaps based on a cytosolic chaperone [38]. The actual
transport of iron through the inner membrane can be mediated by the
calcium uniporter [36, reviewed in 5] or by the newly identiﬁed iron
carrier mitoferrin [39].
Collectively, these results suggest a strong, almost obvious link be-
tween cellular iron and the MPT, with a potentially profound patho-
genic signiﬁcance. Iron is included in comprehensive lists of MPT
inducers [5,6] and has even been shown to induce the MPT in cul-
tured hepatocytes [40–42]. Nevertheless, the mechanistic aspects of
MPT induction by iron, best analyzed by classical in vitro experiments
with isolated mitochondria, have not been well studied and remain
poorly understood. Numerous (mostly early) studies that challenged
isolated mitochondria with iron/ascorbate but did not attempt to dif-
ferentiate changes due to the peroxidation of mitochondrial phospho-
lipids from the true MPT are difﬁcult to assess in this context because
lipid peroxidation obviously damages the inner membrane and re-
sults in swelling on its own [6]. Masini et al. [43–45] examined the
calcium release from isolated rat liver mitochondria that was elicited
by a rather high concentration of Fe(III)-gluconate and concluded
that the iron acted through the glutathione peroxidase-dependent
oxidation of NAD(P)H. Castilho et al. [46] presented evidence that
the induction of the MPT by calcium and tert-butyl hydroperoxidein rat liver mitochondria was actually dependent on endogenous mi-
tochondrial iron and the production of reactive oxygen species by the
respiratory chain. Finally, Gogvadze et al. [47] described a transient
Fe(II)-induced calcium release without any depolarization or swelling,
suggesting that the iron either inhibited the calcium uniporter or was
transported by it (or both). Interestingly, in another study [48], the
same authors completely dissociated mitochondrial lipid peroxidation
catalyzed by iron/ascorbate and the MPT induced by calcium.
In this study, we used isolated rat liver mitochondria to attempt to
determine 1)whether theMPT can be induced in vitro by a physiological
(micromolar) concentration of iron in amanner distinguishable from the
simple oxidative destruction of mitochondrial membranes and, if so, 2)
whether the mechanism involves NAD(P)H oxidation or 3) the import
of iron into the mitochondrial matrix.
A preliminary account of this work has already appeared in an ab-
stract form [49].
2. Materials and methods
2.1. Materials
5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine
iodide (JC-1), 4-bromo A-23187 and Calcium Green™-5N were pur-
chased from Molecular Probes (Invitrogen Corp., Carlsbad, CA). Bovine
serum albumin (BSA, fatty acid free) and cyclosporine A were
obtained from MP Biomedicals (Irvine, CA). EDTA, carbonyl cyanide
4-(triﬂuoromethoxy)phenylhydrazone (FCCP), rotenone, dimethyl
sulfoxide, ruthenium red, catalase (from bovine liver, crystalline sus-
pension containing thymol), desferrioxamine (DFO), and 5,6-diphenyl-
3-(2-pyridyl)-1,2,4-triazine-4′,4″-disulfonic acid sodium salt (FerroZine)
were obtained from Sigma. R-(−)-3-hydroxybutyric acid was obtained
from Aldrich. Sodium succinate, malic acid, sodium pyruvate, lithium
acetoacetate, ferrous chloride, calcium chloride solution, and other com-
mon chemicalswere obtained from Fluka. The calcium ion-selective elec-
trode and standard calcium solution were supplied by Elektrochemicke
detektory, s.r.o. (Turnov, Czech Republic). Salicylaldehyde isonicotinoyl
hydrazone (SIH) was kindly provided by Prof. Prem Ponka (McGill
University, Montreal).
2.2. Solutions
The potential-responsive probe JC-1 was dissolved at 1 mg/mL in
anhydrous dimethyl sulfoxide and stored in aliquots at −20 °C. Upon
dilution with methanol, the actual concentration of JC-1 was deter-
mined photometrically at 514 nm using the extinction coefﬁcient
ε=197,000 M−1cm−1 (themanufacturer's data). Stock solutions of ro-
tenone, FCCP, cyclosporine A and SIH were also prepared in dimethyl
sulfoxide and stored at −20 °C. The crystalline suspension of catalase
was washed to remove the thymol preservative and then dissolved in
deionized water before each experiment, as directed by the man-
ufacturer's instructions; the biuret assay was used to determine the
resulting concentration of catalase in the solution.
The ultrapure solid ferrous chloride tetrahydrate was stored under
nitrogen. Shortly before measurement, it was weighed and dissolved in
ultrapure deionized water (conductivityb0.2 μS cm−1, freshly drawn
in a plastic vessel) in plastic tubes to 40 mM and immediately further
diluted to 4 mM. If prepared in this way, the iron solution did not
autoxidize to the ferric state for at least 8 h. Any accidental departures
from the optimal procedure that resulted in signiﬁcant iron autoxida-
tion were readily identiﬁed by a progressive yellow coloration, and
such solutions were excluded from the experiments. The Fe(II) autoxi-
dation is autocatalytic because it is strongly promoted by its product,
Fe(III) [50]. Accordingly, we noted that the autoxidation in fresh Fe(II)
solutions was either negligible or proceeded abruptly to completion
once initiated by impurities.
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KOH (pH 7.30), 81.25 mM KCl and 10 mM NaCl was prepared for
the electrochemical calcium measurements. The MS buffer had the
same pH, ionic strength and concentration of the potentially interfer-
ing sodium and potassium ions as could be expected in the samples,
but it was free of any calcium-binding substances. This buffer was
prepared from high purity reagents (Ca≤10 mg/kg) and freshly
drawn ultrapure water using plastic rather than glassware and then
0.45-μm ﬁltered. The resulting level of adventitious calcium, as mea-
sured with Calcium Green-5N in the presence of 0.5 mM DFO, was
0.43 μM.
2.3. Isolation of rat liver mitochondria
Male 3- to 7-month-old Wistar rats were used for all experiments.
The protocol employed was approved by the Committee for Work
with Laboratory Animals at the First Faculty of Medicine, Charles Uni-
versity. All animals were fed (i.e., not starved) until sacriﬁced, and the
start times of the experiments remained constant. The rat was anes-
thetized with ether and exsanguinated by aortic puncture, and one
liver lobe was quickly transferred to ice-cold 10 mM Tris/HCl buffer
(pH 7.4) containing 250 mM sucrose and 0.5 mM Na2K2EDTA (ho-
mogenization buffer, HB). The mitochondria were isolated at 4 °C, as
described previously [51,52]. The chopped tissue was homogenized
in 4 volumes of HB with a motor-driven Teﬂon/glass homogenizer
at 100 rpm and further diluted with an equal volume of HB. The
resulting 10% homogenate was centrifuged at 2000 g for 3 min; the
supernatant was collected and recentrifuged at 2000 g for 3 min.
The resulting supernatant was centrifuged at 12,500 g for 8 min.
The mitochondrial pellets were resuspended in minimal volumes of
HB and pooled. Immediately after isolation, the total mitochondrial
protein was measured by the biuret method with BSA as a standard.
The mitochondrial suspension was then supplemented with 1 g/L
BSA, and the volume was adjusted with HB to a mitochondrial protein
concentration of 10 g/L. Typically, the mitochondria were allowed to
rest on ice for 2 h before spectroﬂuorometric measurements and were
used within the subsequent 7 h. In experiments with modiﬁcations to
the mitochondrial medium, a portion of the EDTA/BSA-stabilized mito-
chondrial suspension was pelleted by centrifugation at 12,500 g for
8 min and resuspended with the same volume of fresh buffer; further
details are provided in the ﬁgure legends.
2.4. Measurement of respiratory control ratio
The functional status of the freshly isolated rat liver mitochondria
was veriﬁed in several early experiments by determining the respirato-
ry control ratio (RCR, [52]). A mixture containing mitochondria (0.5–
1.7 mg/mL protein conc.), 10 mM Tris/HCl (pH 7.4), 62.5 mM sucrose,
90 mM KCl, 5 mM KHPO4, 2 mM MgCl2, 1 mM EDTA, 1 mM EGTA,
0.1% BSA and either 10 mMsodium succinate or 2.5 mMpotassiumma-
late and 5 mM sodium pyruvate as a substrate was pre-incubated in a
37 °C water bath. Next, 0.5 mM ADP was added (or omitted), and the
rate of the mitochondrial oxygen consumption was measured at 37 °C
by a Clark type oxygen electrode interfaced with a computer. The RCR
was calculated as the ratio of the respiration rates in the presence and
absence of ADP.
2.5. Measurement of the inner membrane potential, light scatter, and
NAD(P)H autoﬂuorescence
Spectroﬂuorometric measurements were performed using a Fluo-
romax 3 instrument (HORIBA Jobin-Yvon S.A.S., France) in stirred
quartz cuvettes at 37 °C. In a typical experiment, mitochondria were
added to pre-warmed recording medium in a cuvette, the cuvette
was placed in the cuvette holder for 2 min (energization), the JC-1
probe was added, and, after mixing, the kinetic measurement wasstarted. The innermembrane potential was detected as the JC-1 ﬂuores-
cence (excitation 488 nm, emission 593 nm) simultaneously with the
measurement of mitochondrial swelling by light scatter at 504 nm.
The NAD(P)H autoﬂuorescence (excitation 340 nm, emission 465 nm
[45]) was recorded separately unless indicated otherwise in the ﬁgure
legends. The ﬁnal concentrations of the components of the recording
medium were 0.25 mg/mL mitochondrial protein, 0.025 mg/mL BSA,
0.25 mM Tris/HCl, 12.5 μM Na2K2EDTA, 20 mM HEPES/KOH (pH 7.30),
91.25 mM sucrose, 74.5 mM KCl (79.5 mM when succinate was pre-
sent), 5 mM NaCl (0 mM when succinate was present), 1 mM KHPO4
and either 5 mM sodium succinate with 1 μM rotenone or 2.5 mM po-
tassium malate with 5 mM sodium pyruvate. The JC-1 probe was used
at 0.56 μM (2.2 nmol/mg mitochondrial protein). Because of the JC-1
and other additions, the mixture also contained 1–1.3% (v/v) dimethyl
sulfoxide. At least 1% dimethyl sulfoxidewas necessary for the potential
dependence of the JC-1 ﬂuorescence and was also included in all mea-
surements without the probe, such as the NAD(P)H/NAD(P) recordings
in which dimethyl sulfoxide was added instead of the JC-1 solution. Be-
cause of its low aqueous solubility, cyclosporine A was pre-mixed with
themitochondrial suspension, and both components were added to the
recording medium together. All other additions are speciﬁed in the ﬁg-
ure legends.
2.6. Measurement of iron
Following incubation with iron in a spectroﬂuorometric cuvette, the
mitochondrial suspension was immediately centrifuged (25,000 g,
5 min, 25 °C), and the supernatant was separated from themitochondri-
al pellet. A discontinuous colorimetric assay using the high afﬁnity Fe(II)
chelator FerroZine [53] with ascorbate was employed to quantify the
total iron present in the supernatant. The iron solution used for the stim-
ulation ofmitochondriawas further dilutedwith freshly drawnultrapure
water to 20 μM FeCl2 and utilized as a standard. The samples, standard
and blank (ultrapure water) were added to plastic test tubes in 400 μL
volumes. A 100-μL aliquot of 0.1 M ascorbic acid solution was added,
and this was followed by the addition of 1500 μL of 1 mM FerroZine in
0.25 M sodium acetate buffer (pH 5.3); the tubes were left sealed in
the dark overnight. The next day, the absorbances of the samples and
standards were measured against the blank at 562 nm on an HP 8452A
diode-array spectrophotometer (Hewlett-Packard Co., Palo Alto, CA)
and converted to iron concentrations in μM.
2.7. Measurement of calcium
Following the incubation in the recording medium in a spectroﬂuo-
rometric cuvette, the mitochondrial suspension was immediately cen-
trifuged (20,000 g, 10 min, 25 °C), and the supernatant was separated
from the mitochondrial pellet. For the subsequent measurement of
free calcium in the supernatants, two approaches were employed: an
ion-selective electrode that enabled the estimation of calcium ions
even after the addition of iron and a ﬂuorometric assay with the low-
afﬁnity probe Calcium Green-5N that enabled a more accurate estima-
tion of submicromolar calcium levels but could not be used in the pres-
ence of iron.
The electrochemical measurements were performed with a calcium
electrode (Elektrochemicke detektory, s.r.o., Turnov, Czech Republic)
connected to an Orion 4 Star pH/ionometer (Thermo Electron Corp.,
Beverly, MA). The electrode was immersed in 2500 μL of themitochon-
drial supernatant at 25 °C in a single-use plastic tube with a magnetic
stirrer. A reading of the electrode potential was obtained before and
after addition of either 20 μM FeCl2 or 10 μM CaCl2; a 6-minute delay
between the iron addition and the reading assured a complete autoxi-
dation of iron. Next, measurements following the additions of 100 μM
CaCl2 and 400 μM EDTA were always performed to verify that the elec-
trode performance was consistent. Electrochemical measurements of a
series of standards prepared in the MS buffer containing calcium at
Fig. 1. MPT induction by calcium. Mitochondria were energized by 5 mM succinate in the presence of 1 μM rotenone (A, B) or by 2.5 mM malate with 5 mM pyruvate (C, D). The
potential of the inner membrane (Δψ) was measured using the ﬂuorescent probe JC-1 (A, C); light scatter was simultaneously recorded as a measure of mitochondrial swelling (B, D).
Trace 1 is always the controlmeasurement (no calcium); in traces 2–5, 20 μMCaCl2was added as indicated. TheMPT induced by calcium is shown in trace 2. The inhibitory effect of excess
(512.5 μM) EDTA, 2 μM ruthenium red, and 5 μM cyclosporine A is shown in trace 3, trace 4, and trace 5, respectively. Before the end of each measurement, 5 μM FCCP was added as in-
dicated. The data are representative of measurements with at least 3 mitochondrial preparations with similar results.
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alone, estimated with Calcium Green-5N), and 0 μM (with EDTA)
were obtained before and after each group of samples. A linear calibra-
tion graph of the electrode potential plotted against the log of the stan-
dard calcium concentration was used to convert the electrode readings
in mV to free calcium concentrations in μM.
In theﬂuorometric assay, 8 μMCalciumGreen-5Nwas added to a por-
tion of themitochondrial supernatant, and the ﬂuorescence of a calcium-
bound probe (excitation 506 nm, emission 532 nm) was recorded at





¼ Kd  F−Fminð Þ= Fmax−Fð Þ½ 
where the variables are deﬁned as follows: F, probe ﬂuorescence at ex-
perimental calcium levels; Fmin, probe ﬂuorescence in the absence of
calcium (500 μMEDTA added); Fmax, probeﬂuorescence in the presence
of saturating 500 μM calcium (determined separately in the MS buffer)
and Kd, the dissociation constant. A value of Kd=14 μMwas used.2
3. Results
3.1. MPT induction by micromolar iron
The RCR of the rat livermitochondria shortly after isolationwas 5.7±
1.0 with succinate (mean±SD from seven preparations) and 4.3±0.9
with malate/pyruvate (two preparations). During these experiments,
the mitochondria were kept on ice and stabilized with the general2 Molecular Probes, Invitrogen Corp. (2005) Long-Wavelength Calcium Indicators.
Product information. http://products.invitrogen.com/ivgn/product/C3737metal chelator EDTA and BSA [54]; the latter species should bind any re-
leased fatty acids, known as MPT inducers [1,55]. Before each measure-
ment, the mitochondria were diluted into a buffered sucrose/KCl-based
medium containing 1 mM inorganic phosphate to potentiate the MPT
but with sufﬁcient residual EDTA (12.5 μM) to prevent adventitious
calcium ions from triggering the MPT. In this medium, the mitochondria
build a stable inner membrane potential with succinate (+rotenone) or
malate/pyruvate as substrates (Figs. 1A,C and 2A,C, trace 1).
The addition of 20 μM calcium chloride (7.5 μM free Ca2+ ions
over the residual EDTA) consistently induced the rapid depolarization
and swelling of the mitochondria that had been energized by succi-
nate (Fig. 1A, B, trace 2) or by malate/pyruvate (Fig. 1C,D, trace 2).
Both the depolarization and the swelling were effectively inhibited
by an excess of EDTA, by the calcium uniport blocker ruthenium
red, or by the classical MPT inhibitor cyclosporine A (Fig. 1A,B,C,D,
traces 3–5), indicating that the phenomenon was a genuine MPT. A
slow swelling after calcium loading, which persisted even in the pres-
ence of cyclosporine A, was observed in some but not all experiments
(Fig. 1B,D, trace 5). The calcium-dependent inhibition of mitochondrial
pyrophosphatase may be responsible for this slow swelling; the accu-
mulated pyrophosphate converts the ANT to a K+ channel, and the mi-
tochondria swell moderately [8].
Similar depolarization and swelling attributable to the MPT could
also be induced by 20 μM ferrous chloride (7.5 μM ‘free’ Fe2+ ions
over the residual EDTA) instead of calcium. The iron-induced decrease
in the potential accompanied by swelling was consistently biphasic
with succinate (Fig. 2A,B), and only the time period before the ‘delayed’
second decrease of the potential and swelling was remarkably variable
(e.g., compare the time scale of Fig. 2A,B with that of Fig. 5A,B). Some
mitochondrial preparations exhibited a conversion from a ‘slow’ to a
‘rapid’ response to iron during the measurement day. The batch of lab-
oratory animals appeared to be the most important factor governing
Fig. 2. MPT induction by iron. Mitochondria were energized by 5 mM succinate in the presence of 1 μM rotenone (A, B) or by 2.5 mM malate with 5 mM pyruvate (C, D). The po-
tential of the inner membrane (Δψ) was measured using the ﬂuorescent probe JC-1 (A, C); light scatter was simultaneously recorded as a measure of mitochondrial swelling (B, D).
Trace 1 is always the control measurement (no iron); in traces 2–5, 20 μM FeCl2 was added as indicated. The MPT induced by iron is shown in trace 2. The inhibitory effect of excess
(512.5 μM) EDTA, 2 μM ruthenium red, and 5 μM cyclosporine A is shown in trace 3, trace 4, and trace 5, respectively. Before the end of each measurement, 5 μM FCCP was added as
indicated. The data are representative of measurements with at least 3 mitochondrial preparations with similar results.
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effects of iron (Fig. 2A,B, traces 3 and 4). Cyclosporine A completely
prevented the second ‘delayed’ phase of iron-induced depolarization
and swelling, but there was consistently only a partial inhibition of
the initial rapid effect of iron (Fig. 2A,B, trace 5). In the presence of ma-
late/pyruvate, the decrease in the potential and swelling after the addi-
tion of ironwas always rapid, and no two phases could be distinguished
(Fig. 2C,D, trace 2). EDTA, ruthenium red and cyclosporine A reliably
inhibited the depolarization and swelling in the presence of malate/py-
ruvate aswell, except for a consistent transient depolarization following
the addition of iron (Fig. 2C,D, traces 3–5).
The iron-induced swelling could be prevented by previous depolar-
ization of the mitochondria with the protonophore FCCP (Fig. 3). The
depolarized mitochondria remained MPT-competent because swelling
could still be evoked by calcium with its ionophore 4-bromo A-23187
(Fig. 3, trace 3). This result indicates that the MPT induced by iron was
clearly different from non-speciﬁc oxidative damage to mitochondrial
membranes.
There was an apparent requirement for the ferrous state of iron to
elicit mitochondrial swelling because the addition of the same amount
of freshly dissolved ferric chloridewas completely ineffective. However,
the following experiment demonstrated that the lack of the ferric salt
effect was due to the impaired solubility of iron rather than its redox
state. An incubation mixture was prepared in which the mitochondrial
suspension was replaced with the medium in which the mitochondria
rested on ice (obtained by centrifugation), and ferrous ions were
added. After a delay, another portion of the mitochondrial suspension
was centrifuged, and only the pellet was resuspended in the incubation
mixture.When sampleswere prepared in this way, the presence of iron
in the incubation mixture was able to induce mitochondrial swelling
even when the mitochondria were added 30 min later despite the factthat the autoxidation of ferrous ions (assessed by a modiﬁcation of
the FerroZine assay) in the incubation mixture without mitochondria
was nearly complete within 2 min (data not shown).3.2. Involvement of NAD(P)H oxidation
The ratio of reduced to oxidized NAD in the isolated mitochondria
depends on the endogenous substrates and the current respiratory
state of the mitochondria and can be further manipulated by the
addition of ‘ketone bodies’ that shift the equilibrium of the reversible
3-hydroxybutyrate dehydrogenase reaction ([2,17,45,56,57] and
Fig. 4). The 340/465 nm autoﬂuorescence of mitochondria respiring
on succinate was similar in both the presence and absence of the com-
plex I inhibitor rotenone, indicating that the NAD pool was almost fully
reduced under both conditions. Mitochondria that have been energized
by succinate can maintain a reduced NAD pool even without rotenone
due to the unnatural ‘reverse electron ﬂow’ (RET) from ubiquinone to
NAD+ [58]. If compared with the supposedly complete oxidation of
NAD after uncoupling, the addition of 1 mM acetoacetate apparently
oxidized approximately one-third of the NADH (Fig. 4). In contrast,
the reduction of NAD+ by 3-hydroxybutyrate should be favored when
the NAD pool is oxidized, and, in fact, the substance did have some effect
after uncoupling despite the fact that it had to competewith the large ox-
idative capacity of the respiratory chain (Fig. 4). The 3-hydroxybutyrate
addition was similarly effective in the presence of cyclosporine A, thus
excluding inﬂuence of any eventual MPT during the previous uncoupler
addition (data not shown). The NAD pool in the mitochondria respiring
on malate/pyruvate appeared to be reduced from approximately two-
thirds and could be oxidized by acetoacetate to some extent, but it did
not respond to the addition of 3-hydroxybutyrate (data not shown).
Fig. 3. Prevention of iron-induced MPT by mitochondrial depolarization. Mitochondria
were energized by 5 mM succinate in the presence of 1 μM rotenone. The potential of
the inner membrane (Δψ) was measured using the ﬂuorescent probe JC-1 (A); light scat-
ter was simultaneously recorded as the measure of mitochondrial swelling (B). Trace 1:
First, 20 μM FeCl2 was added as indicated, and then 5 μM FCCP was added before the
end of the measurement. Trace 2: First, 5 μM FCCP was added, and then 20 μM FeCl2
was added. Trace 3: First, 5 μM FCCP was added, and then the MPT was induced by
10 μMcalcium ionophore 4-bromoA-23187with 40 μMCaCl2. The data are representative
of measurements with 2–3 mitochondrial preparations with consistent results.
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reduced NADPH as well as NADH. Although the redox state of the mito-
chondrial NADH/NAD+ pool varies with respiration, the pool of NADPH/Fig. 4. Manipulation of the NAD(P)H/NAD(P) ratio in isolated mitochondria by sub-
strates of 3-hydroxybutyrate dehydrogenase. The autoﬂuorescence (340/465 nm) of
mitochondria respiring on 5 mM succinate without rotenone was measured following
the additions of 0.5 μM FCCP, 1 mM acetoacetate (AA) or 1 mM R-(−)-3-hydroxybu-
tyrate (3-OH-B) as indicated. The data are representative of measurements with at
least 3 mitochondrial preparations with similar results.NADP+ should be fully reduced in the ‘resting’ energized mitochondria
[59]. The two pools of pyridine nucleotides are equilibrated via the action
of the proton-translocating mitochondrial transhydrogenase:
NADHþ NADPþ↔NADþ þ NADPH: ð1Þ
The forward transhydrogenase reaction is powered by the proton
electrochemical gradient and is, therefore, strongly preferred in the pres-
ence of an inner membrane potential. In contrast, depolarization favors
the reverse reaction, thus utilizing the NADPH redox potential for proton
pumping [59]. Accordingly, it is likely that the level of 340/465 nm auto-
ﬂuorescence following the addition of FCCP to ourmitochondria includes
some contribution from the reversed transhydrogenase action oxidizing
NADPH. Clearly, if NADH and NADPH display the same ﬂuorescence, the
transhydrogenase action as such is invisible in the autoﬂuorescence
measurements. In this study we made no attempt to differentiate
NADH from NADPH in the enzymatic assays.
If iron induces the MPT through NAD(P) oxidation [45], any exper-
imental manipulation of the mitochondrial NADH/NAD+ ratio should
also affect the iron-induced MPT. Surprisingly, the omission of rote-
none from the reaction mixture and the addition of ‘ketone bodies’
had no pronounced effects on the course of the iron-induced MPT
(Fig. 5A,B). A series of repetitive measurements followed by quantiﬁ-
cation and statistical evaluation revealed that acetoacetate did accel-
erate the induction of MPT, whereas the omission of rotenone or the
addition of 3-hydroxybutyrate was ineffective (Fig. 5C). The effect of
3-hydroxybutyrate, in fact, should be regarded as variable because it
clearly inhibited the iron-induced MPT in some but not all measure-
ments (Fig. 6, compare trace 5 in A and C).
In general, the mitochondrial NAD(P)H autoﬂuorescence decreased
rapidly when themitochondria were challengedwith iron. The autoﬂu-
orescence then either increased again when the MPT inhibitors were
present or continued to decrease with the actual progression of the
MPT (Fig. 6). The simultaneous recording of the mitochondrial swelling
and the much weaker pyridine nucleotide autoﬂuorescence signal was
technically demanding but conclusively demonstrated that the second
delayed NAD(P)H decrease was a consequence rather than a cause of
the MPT. When the swelling was inhibited by EDTA, ruthenium red or
cyclosporine A, the delayed decrease in NAD(P)H autoﬂuorescence
was also blocked (Fig. 6A,B). A limitation in the used methodology
may account for that. We noted that changes in light scatter due to mi-
tochondrial swelling interfered with the NAD(P)H autoﬂuorescence
measurement; it could be seen e.g. on mitochondrial volume changes
during energization (Fig. 6D). In contrast, the ﬁrst rapid decrease in
NAD(P)H in response to iron lacked a light scatter equivalent and oc-
curred under all conditions tested (Fig. 6A,C). Both acetoacetate and
3-hydroxybutyrate signiﬁcantly reduced the amplitude of this decrease,
suggesting that what we observe in the autoﬂuorescence measure-
ments is the oxidation of NADH rather than NADPH.
Although the majority of these analyses were performed with mi-
tochondria respiring on succinate, very similar proﬁles of the iron-
induced NAD(P)H oxidation were observed with mitochondria ener-
gized withmalate/pyruvate (data not shown). This result explains the
transient depolarization observed with malate/pyruvate after the
addition of iron in the presence of the MPT inhibitors (Fig. 2C, traces
3–5).
Because the iron-induced decrease in NAD(P)Hwas always themost
pronounced in the presence of EDTA (Fig. 6C, trace 2), we considered the
possibility that the fraction of iron that is chelated by EDTA upon its ad-
dition was responsible for the observed transient NAD(P)H oxidation.
An attempt to remove EDTA from mitochondria in the ﬁnal step of the
mitochondrial isolation resulted in uncoupled mitochondria. When
EDTA was washed from the previously EDTA/BSA-stabilized mitochon-
dria immediately prior to themeasurement, themitochondria remained
coupled but underwent a spontaneousMPT at variable rateswhen dilut-
ed in the recording medium (not shown). In some cases, however, the
Fig. 5. Effects of rotenone, acetoacetate, and 3-hydroxybutyrate on the iron-inducedMPT.
Mitochondria were energized by 5 mM succinate. The potential of the inner membrane
(Δψ) was measured using the ﬂuorescent probe JC-1 (A); light scatter was simultaneous-
ly recorded as a measure of mitochondrial swelling (B). Trace 1 is succinate only. In
traces 2–4, 1 μM rotenone was also present. In trace 3, 1 mM acetoacetate was present.
In trace 4, 1 mM R-(−)-3-hydroxybutyrate was present. To each mixture, 20 μM FeCl2
and 5 μM FCCP were added as indicated. The time until the maximal decrease (Tm,
shown only for trace 3) was computed for each trace from its ﬁrst derivative. Graphs A
and B are representative traces for each condition. Graph C is a summary of all of the
Tm data collected from measurements with 3 mitochondrial preparations. The mean±SD
is shown for each condition. ANOVA with the Tukey–Kramer post-test was used for the
statistical evaluation. *pb0.05; ***pb0.001. The majority of these data were obtained
using two parallel mixtures, one of which was always the control condition (succinate+
rotenone), and no statistically signiﬁcant shortening of the Tm with time was observed in
these experiments.
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ly, the ability of iron to induce theMPTwas eliminated in the absence of
residual EDTA (Fig. 7A).
Similarly, the ability of iron to induce the rapid oxidation of NAD(P)H
was eliminated in the absence of residual EDTA (Fig. 7B, trace 1) butcould be restored by the prior addition of EDTA (Fig. 7B, trace 2). EDTA
chelates both Fe(II) and Fe(III), but the latter iron species is chelated
with a much higher afﬁnity and, thus, promotes the rapid autoxidation
of any bound Fe(II) to Fe(III) [24,60,61]. Such autoxidationmay be a po-
tent source of oxidative stress [24]. A pre-mixed iron-EDTA complexwas
completely inactive (Fig. 7B, trace 3), indicating that the accelerated au-
toxidation of the added Fe(II) to Fe(III) is responsible for the oxidation of
NAD(P)H in these experiments. In the absence of EDTA, the addition of
iron induced only a slow consumption of NAD(P)H, which is likely due
to a slow redox cycling of unchelated iron. This slow consumption was
most clearly observed when the EDTA-free mitochondria were stabi-
lized with cyclosporine A (Fig. 7B, trace 4).
The transient decrease in NAD(P)H due to the autoxidation of
EDTA-chelated iron appeared to be mediated by hydrogen peroxide
because it could be prevented by catalase (Fig. 8). However, despite
the abolition of the initial decrease NAD(P)H by catalase, the subse-
quent MPT proceeded virtually unaffected (Fig. 8).
3.3. Involvement of iron import
To identify the mitochondrial compartment in which iron acts, che-
lators differing in membrane permeability were used. Both des-
ferrioxamine (DFO) and salicylaldehyde isonicotinoyl hydrazone (SIH)
strongly bind iron but not calcium ions (unlike EDTA), and although
DFO is poorly membrane-permeable, SIH is more lipophilic and pene-
trates through biological membranes effectively [24,38,62,63]. When
present in the mixture from the beginning, both DFO and SIH not only
suppressed the delayed phase of the iron-induced MPT but also, to a
variable extent (cf. Fig. 9A,B), promoted a rapid swelling after iron addi-
tion. In a series of experiments inwhich the iron-inducedMPTwas rath-
er slow, SIH but not DFO prevented the second delayed phase of swelling
even when it was added several minutes after the iron (Fig. 9A, traces 3
and 5), which would be expected if iron induces the MPT inside the mi-
tochondria. However, in other experiments in which the mitochondria
appeared to be naturally more prone to theMPT, the post-iron additions
of both SIH and DFO actually somewhat accelerated the swelling instead
of inhibiting it (Fig. 9B). The chelatorsmay promote theMPT via NAD(P)
H oxidation; both DFO and SIH are similar to EDTA in that they preferen-
tially bind Fe(III) over Fe(II), which enhances the autoxidation of any
bound Fe(II) [24,62,63]. Indeed, the addition of DFO or SIH after iron to
EDTA-free, cyclosporine A-blocked mitochondria resulted in a profound
decrease in the NAD(P)H/NAD(P) ratio, which was especially dramatic
in the case of SIH (Fig. 9C).
We also attempted to quantify the extent of the potential-dependent
mitochondrial iron import. The mitochondria were treated with cyclo-
sporine A to avoid changes in the medium composition due to the MPT.
Iron was added with or without the previous addition of FCCP, and
after 5 min, the mitochondria were pelleted. The concentration of iron
remaining in the supernatant was measured by a colorimetric assay.
Table 1 summarizes the results. The amount of ironmeasuredwas some-
what less than the amount of iron thatwas added, even in the presence of
FCCP. This difference was due to a small loss of precipitated iron in the
centrifugation step rather than to an incomplete iron extraction by the
iron sensor FerroZine (data not shown). The difference between the re-
sidual iron levels in themedia in the presence and absence of FCCP should
reﬂect the energy-dependent iron import under otherwise identical con-
ditions, especially the medium composition and the time elapsed since
the iron addition. There was a small difference that was measurable
and statistically signiﬁcant (Table 1), which largely disappeared in the
presence of ruthenium red, suggesting that the iron was imported
through the calcium uniporter (Table 1).
3.4. Involvement of calcium
In contrast to the limited ability of iron chelators to halt the iron-
induced swelling once it has started, the addition of EDTA or ruthenium
Fig. 6. Effect of iron and iron-induced MPT on the NAD(P)H/NAD(P) ratio in isolated mitochondria. The 340/465 nm autoﬂuorescence was either recorded simultaneously (A), with
the light scatter (B), or separately with the instrumental settings optimized for the relatively weak 340/465 nm autoﬂuorescence signal (C, D). The mitochondria were energized by
5 mM succinate in the presence of 1 μM rotenone. A, B, C: To each mixture, 20 μM FeCl2 was added as indicated. Trace 1: effect of iron without further additions; trace 2: 512.5 μM
EDTA; trace 3: 2 μM ruthenium red; trace 4: 1 mM acetoacetate, trace 5: 1 mM R-(−)-3-hydroxybutyrate; trace 6: 5 μM cyclosporine A (only A, B). D: During energization both the
light scatter (the upper trace) and the NAD(P)H autoﬂuorescence signal (the lower trace) of the mitochondrial suspension decrease in parallel although the NAD(P)H should be
fully reduced in the presence of rotenone. The data are representative of measurements with at least 3 mitochondrial preparations with similar results.
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before (Fig. 2) or after (Fig. 10A) the iron. Even if the MPT is initiated
by iron, the phenomenon is likely eventually propagated by calcium
release/re-uptake, and iron is no longer necessary. Theoretically, iron
itself can also inhibitmitochondrial swelling if it competeswith calcium
ions for the uniporter. In fact, a second addition of iron during the del-
ayed phase of the iron-induced swelling was able to produce a small
and transient inhibition of the swelling (Fig. 10B).
Knowing that EDTA in the reaction mixture is necessary for iron to
induce the MPT (Fig. 7) and that the oxidation of NAD(P)H is not the
critical mechanism (Fig. 8), we had to consider the possibility that the
EDTA actually acts as a reservoir for calcium. Any adventitious or endog-
enous calcium would initially be bound by the residual EDTA from
which it would be displaced upon the addition of iron because EDTA
binds Fe(II) and especially Fe(III) with higher afﬁnity than calcium
[64]. To test this possibility, themitochondriawere washed immediate-
ly prior to usewith a fresh homogenization buffer, buffer without EDTA,
or buffer in which the EDTA was replaced with DFO. The mitochondria
were then diluted with the recording medium, allowed to respire as
usual and then either challenged with iron or calcium additions or re-
moved by centrifugation, and the levels of free calcium were deter-
mined in the supernatant (Fig. 11). An electrode selective for calcium
enabled the comparison of the calcium levels before and after the addi-
tion of iron. In addition, the low (generally submicromolar) initial calci-
um concentrationswere veriﬁed by amore accuratemeasurementwith
the ﬂuorescent probe Calcium Green-5N.
Using the ﬂuorescent assay, we detected approximately 6–7 μM ad-
ventitious calcium in our complete recordingmediumwithoutmitochon-
dria, i.e., approximately half of the residual 12.5 μM EDTA appeared to beoccupied with calcium. The control mitochondrial supernatant probed
with Calcium Green-5N displayed a low but very consistent level of free
calcium of approximately 0.13±0.01 μM (N=3), indicating that the
EDTA must be essentially saturated with calcium (and perhaps other
metals as well, such as magnesium) under these conditions. Importantly,
the calcium electrode revealed a signiﬁcant elevation in the levels of free
calcium following the addition of 20 μM iron (Fig. 11E).
Compared with the results obtained under the control conditions
(Fig. 11A), the mitochondria washed before use with fresh homogeni-
zation buffer containing BSA displayed a moderately lower sensitivity
to both calcium and iron (Fig. 11B). The initial level of free calcium in
the mitochondrial supernatant was close to zero (0.05±0.01 μM)
when measured with Calcium Green-5N; more calcium, however,
could be mobilized by iron (Fig. 11E). The mitochondria without
EDTA, eitherwithout orwith DFO, underwent a slow, spontaneous, cy-
closporine A-inhibitable swelling when diluted with the recording
medium; these mitochondria were very sensitive to calcium but poorly
sensitive to iron (Fig. 11C,D). Accordingly, the supernatants from these
mixtures had higher calcium levels (0.59±0.07 μM and 0.62±0.14 μM
for mixtures without and with DFO, respectively, as measured with
Calcium Green-5N), which were not affected by the addition of iron
(Fig. 11E).
The apparent 1.1 μM of free calcium liberated by the addition of iron
in the control mixture is certainly sufﬁcient to induce the MPT. When
10 μM CaCl2 was added to the mitochondrial supernatant instead of the
iron, 2.6±0.2 μM free calcium was detected with the electrode, and
3.39±0.16 μM free calcium was detected with the Calcium Green-5N.
The addition of 2.5–3 μM of CaCl2 to the mitochondria in the recording
medium was sufﬁcient to induce the MPT.
Fig. 7. Effect of EDTA omission on the ability of iron to induce the MPT and NAD(P)H ox-
idation in isolated mitochondria. Where indicated, EDTA-free mitochondria were pre-
pared by centrifugation and resuspension in the same volume of homogenization buffer
lacking EDTA but still containing 10 g/L BSA; the mitochondria were kept on ice and
used within 120 min. The mitochondria were energized by 5 mM succinate in the pres-
ence of 1 μM rotenone. To each mixture, 20 μM FeCl2 was added as indicated. A: Swelling
was determined from the light scatter. The effect of iron on the EDTA-free mitochondria
and the control mitochondria that still contained EDTA (12.5 μM in the reaction mixture)
was considered. Where indicated, 5 μM cyclosporine A was also present. B: NAD(P)H ox-
idation determined from the 340/465 nm autoﬂuorescence of mitochondria in the ab-
sence of EDTA. Trace 1: effect of 20 μM FeCl2 without further additions; trace 2: EDTA-
freemitochondria diluted in amixture containing 500 μMEDTA; trace 3: EDTA-freemito-
chondria diluted in a mixture containing 400 μM EDTA followed by the addition of a pre-
mixed complex of 20 μM iron and100 μMEDTA; trace 4: 5 μMcyclosporineA. The data are
representative of measurements with 2–3 mitochondrial preparations with consistent
results.
Fig. 8. Catalase prevents the rapid phase of NAD(P)Hoxidation in response to iron but does
not inhibit the subsequentMPT of the isolatedmitochondria. Themitochondriawere ener-
gized by 5 mM succinate in the presence of 1 μM rotenone. A: Swelling was determined
from the light scatter. B: The samemixtureswere prepared again, and theNAD(P)H oxida-
tionwas determined from the 340/465 nmautoﬂuorescence. Trace 1: effect of 20 μMFeCl2
without further additions; trace 2: 33.3 μg/mL (333–1332 U/mL) catalase present and no
iron added; trace 3: 33.3 μg/mL catalase present and 20 μM FeCl2 added as indicated. The
340/465 nm autoﬂuorescence increased in the presence of catalase likely because the en-
zyme strongly binds NADPH (manufacturer's data). The traces are representative of mea-
surements with 3 mitochondrial preparations with consistent results.
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In our experiments, 20 μM ferrous chloride was sufﬁcient to trigger
theMPT inmitochondria thatwere respiring either on succinatewith ro-
tenone or on malate/pyruvate. The potency of iron with respect to MPT
induction was comparable to that of calcium, and the classical features
of the MPT, such as inhibition by cyclosporine A or by blocking the calci-
um uniporter, could be demonstrated with both metals. We conclude
that under our experimental conditions,micromolar levels of iron induce
theMPT, and the induction by iron is clearly different fromanon-speciﬁc
oxidative destruction ofmitochondrialmembranes (Fig. 3). Interestingly,
although the general chelator EDTA inhibited the MPT when in excess,
some EDTAwas required in the reactionmixture for the iron to be effec-
tive (Fig. 7).
Two possible mechanisms were initially considered based on the
evidence in the literature, namely 1) mitochondrial NAD(P)H oxida-
tion and 2) iron uptake into the mitochondrial matrix by the calcium
uniporter. We conclude that although both events occur in our exper-
imental system, they are only marginally involved in the iron-inducedMPT. The main contributor is calcium, including both adventitious
calcium and calcium provided by the mitochondria themselves. The
calcium ions are initially trapped by EDTA but effectively liberated
upon addition of iron (Fig. 11). Subsequently, mitochondrial swelling
proceeds via calcium release from the already ‘open’ mitochondria and
calcium import into those mitochondria that are still ‘closed’ [6,8], and
iron is no longer needed. This mechanism fully explains why the early
addition of iron to mitochondria could induce swelling long after the
iron had been oxidized (Section 3.1), why EDTAwas needed in themix-
ture (Fig. 7) if not for the oxidation of NAD(P)H (Fig. 8), and why EDTA
and ruthenium red, unlike iron chelators (Fig. 9), could halt the swelling
at any time (Fig. 10).
The redox status of pyridine nucleotides is well known as one of the
major factors controlling theMPT pore opening [2,5,6,8–10,17,19,56,57].
In the early experiments of Masini et al. [43–45], the addition of 0.1–
0.6 mM Fe(III)-gluconate to calcium-loaded isolated rat liver mitochon-
dria produced a rapid calcium release and a decrease in the membrane
potential; the latter effect could be inhibited by ruthenium red and calci-
um chelators. The authors were likely observing the MPT, the concept of
which was not generally accepted at that time. Themechanism of action
of the iron [45] was identiﬁed based on the iron redox cycling that pro-
duced hydrogen peroxide; the subsequent removal of hydrogen perox-
ide by the glutathione peroxidase/reductase system caused a depletion
of reduced NAD(P)H.
Fig. 9. Effect of iron chelators on the iron-induced MPT and NAD(P)H oxidation in iso-
lated mitochondria. The mitochondria were energized by 5 mM succinate in the pres-
ence of 1 μM rotenone. To each mixture, 20 μM FeCl2 was added as indicated. A, B:
The chelators desferrioxamine (DFO) or salicylaldehyde isonicotinoyl hydrazone
(SIH) were either present from the beginning or added after the iron. The data from
two different experiments where the chelators either inhibited (A) or promoted (B)
the iron-induced MPT are shown. Swelling was determined from the light scatter. C:
Mitochondria without EDTA, stabilized with 5 μM cyclosporine A. The effects of post-
iron additions of DFO, SIH, and EDTA on NAD(P)H oxidation (measured as 340/
465 nm autoﬂuorescence) are shown. Trace 1 (only A, B) represents the effect of
20 μM FeCl2 without further additions; trace 2 (only A,B): 50 μM DFO before iron;
trace 3: 50 μM (A,B) or 100 μM (C) DFO added after iron as indicated; trace 4 (only
A,B): 50 μM SIH added before iron; trace 5: 50 μM (A,B) or 100 μM (C) SIH added
after iron as indicated; trace 6 (only C): 100 μM EDTA added after iron as indicated.
Each A and B is representative of measurements with 3 mitochondrial preparations,
and C is representative of measurements with 2 preparations with consistent results.
Table 1
Mitochondrial import of iron. The isolated mitochondria were pre-mixed with 5 μM cy-
closporine A, diluted in a spectroﬂuorometric cuvette as for the potential/light scatter
measurements (dimethyl sulfoxide was used instead of the JC-1 probe) in the record-
ing medium containing 5 mM succinate and 1 μM rotenone, and challenged with 20 μM
FeCl2 in the presence or absence of 5 μM FCCP and 2 μM ruthenium red (RR) as indicat-
ed. After 5 min of incubation with iron, the mixture was immediately centrifuged, and
the supernatant was used for the spectrophotometric estimation of the total remaining
iron, as described in the Materials and methods section. The data are represented as the
mean±SD from 6 estimations obtained from 2 independent mitochondrial prepara-
tions. Each measurement without FCCP was followed by the measurement of the
corresponding mixture with FCCP, and these values were paired and used for the cal-
culation of the mean difference. A paired t-test was used for statistical evaluation.
*pb0.05; NS, not signiﬁcant.
Iron (μM) detected in the supernatant
−FCCP +FCCP Mean difference Paired t-test
−RR 18.75±0.28 19.49±0.55 0.73±0.66 *
+RR 17.67±0.56 17.87±0.57 0.20±0.30 NS
Fig. 10. Role of calcium in the MPT induced by iron. Mitochondria were energized by
5 mM succinate in the presence of 1 μM rotenone. To each mixture, 20 μM FeCl2 was
added as indicated. Swelling was determined from the light scatter. A: Trace 1: effect
of 20 μM FeCl2 without further additions; trace 2: 50 μM EDTA added after iron as indi-
cated; trace 3: 2 μM ruthenium red (RR) added after iron as indicated. B: Trace 1: effect
of 20 μM FeCl2 without further additions; trace 2: 20 μM FeCl2 added again as indicated.
Each A and B is representative of measurements with 3 mitochondrial preparations
with consistent results.
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in our experimental system (Fig. 6). It is likely that the burst of hydrogen
peroxide due to the EDTA-catalyzed autoxidation of iron (Fig. 7) loaded
the mitochondrial antioxidant defense systems that use NADPH, which
could simultaneously be replete from the NADH pool by the action of
transhydrogenase. This NAD(P)Hoxidation, however, was a coincidencerather than the cause of the iron-inducedMPT (Fig. 8). Themanipulation
of the NAD(P)H statusmaymarginally affect theMPT progression, as was
observed from the effect of acetoacetate (Fig. 5) or the post-iron additions
of chelators (Fig. 9B). The mitochondria energized by malate/pyruvate
maintained a lower NADH/NAD+ ratio and displayed markedly faster
iron-induced MPT than the mitochondria energized by succinate did
(Fig. 2); however, this difference may be due to the direct link between
Fig. 11.Mitochondria are sensitive to iron only in the medium in which iron displaces calcium from EDTA. The composition of the mitochondrial medium was varied immediately
prior to use of the mitochondrial suspension; the mitochondria were then diluted with the recording medium and energized by 5 mM succinate in the presence of 1 μM rotenone. A,
B, C, D: Swelling was determined from the light scatter either without any additions (trace 1), with 10 μM CaCl2 added as indicated (trace 2), or with 20 μM FeCl2 added as indicated
(trace 3). A: control mitochondria in the typical medium containing EDTA and BSA without any washes. B: mitochondria washed with a fresh homogenization buffer containing
10 g/L BSA. C: mitochondria washed with homogenization buffer containing 10 g/L BSA and no EDTA. D: mitochondria washed with homogenization buffer containing 10 g/L
BSA and with DFO instead of EDTA. Representative traces from measurements with 3 mitochondrial preparations are shown. E: After they were energized, the mitochondria
were removed by centrifugation, and the concentration of free calcium was measured in the supernatant using a calcium ion-selective electrode both before and after the addition
of 20 μM FeCl2. The mean±SD from experiments with 3 mitochondrial preparations (N=3–6) are shown for each condition. ANOVA with the Tukey–Kramer post-test was used for
statistical evaluation. ***pb0.001.
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utilizing the complex I substrates. A partial depolarization of the inner
membrane promotes the MPT [16]. Our experiments, in fact, do not con-
tradict the earlier work of Masini et al. [45]; rather, they explainwhy pre-
treatment with calcium followed by iron at concentrations as high as
0.6 mM was required in the early study, whereas, in our experiments,
20 μM iron was sufﬁcient to induce the MPT in the presence of Ca-
EDTA. Our measurements in the absence of EDTA, in which we observed
a slow consumption of NAD(P)H in response to iron (Fig. 7B), may be
most similar to the conditions of these early experiments.
When the MPT was allowed to proceed, we observed that the ﬁrst
rapid decrease in NAD(P)H was followed by a second decline of the
autoﬂuorescence that paralleled the course of swelling and was a
consequence of the MPT rather than a cause (Fig. 6). Lemeshko [57]
observed a similar biphasic course of NAD(P)H oxidation during theMPT of rat liver mitochondria challenged by tert-butyl hydroperoxide
and suggested that the second phase of NAD(P)H oxidation could be
catalyzed by the outer membrane NADH-dependent oxidoreductase
system in conjunction with transhydrogenase. However, we noted
that any changes of light scatter associated with mitochondrial swell-
ing can result in artifacts in the measurement of NAD(P)H autoﬂuo-
rescence (Fig. 6D). Therefore, it is difﬁcult to determine the real
extent of NAD(P)H oxidation during MPT unless another, more direct
method for measurement of NAD(P)H redox state is employed.
Gogvadze et al. [47] described a transient iron-induced calcium re-
lease without mitochondrial swelling and depolarization and proposed
that iron either inhibits the calciumuniporter or competeswith calcium
for the use of the uniporter. We obtained some evidence for both the
iron import via the calciumuniporter (Table 1) and the competition be-
tween iron and calcium and the uniporter (Fig. 10B). Apparently, the
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duce the rate of MPT progression via competition at the uniporter. The
latter effect seems rather faint (Fig. 10B), but itmight account for the ac-
celeration of the swelling caused by the post-iron additions of the iron
chelators (Fig. 9B). The effects of iron on themitochondrial swelling ob-
served in the absence of EDTA (Fig. 11C) can be also explained by a tran-
sient blockade of calcium uniporter by the added iron. The fraction of
iron that entered the mitochondrial matrix in an energy-dependent
manner was surprisingly small, at most 0.5 μM (5% of the added Fe, or
2 nmol Fe/mg mitochondrial protein). This small amount is, however,
quite comparable to the energy-dependent iron import reported by
Romslo and Flatmark [35], e.g., approximately 10 nmol Fe/mg mito-
chondrial protein (with a saturating concentration of 300 μM Fe(III)-
sucrose, 1 min, 20 °C).
If the only action of iron was to liberate the adventitious calcium
from its complexwith EDTA in the recordingmedium, any chelator spe-
ciﬁc for iron, eithermembrane permeable or non-permeable, should act
as a ‘sink’ for the iron and could only inhibit the MPT. In contrast, the li-
pophilic iron chelator SIHwas more potent than the hydrophilic DFO in
both inhibiting and promoting the iron-inducedmitochondrial swelling
and the oxidation of NAD(P)H (Fig. 9). This result suggests that iron im-
port into the mitochondrial matrix has some signiﬁcance in our exper-
imental system. It is also worth noting that although the oxidation of
NAD(P)H does not signiﬁcantly affect the iron-induced MPT in our ex-
periments, iron-catalyzed oxidative stress limited to the mitochondrial
membranes is still possible. The iron-catalyzed peroxidation of lipids in
the inner mitochondrial membrane can, for instance, result in a limited
depolarization that is a strong stimulus for opening of the MPT pore
[16]. The partial swelling and depolarization after the iron addition in
the presence of EDTA, which we often observed even in the presence
of cyclosporine A (Fig. 2A,B, trace 5), might be a sign of suchmembrane
damage. A clear causal relationship betweenmitochondrial lipid perox-
idation and the induction of theMPT, based on the evidence available in
the literature, is yet to be established [48,65,66]. At least one lipid per-
oxidation product, 4-hydroxyhexenal, is able to induce the MPT even
at femtomolar concentrations [67].
Overall, although we conclude here that iron is the most effective
as the MPT inducer through calcium liberation, simultaneous involve-
ment of other, more direct effects of iron remains an open possibility.
This issue would be best examined with a substance that binds calci-
um but leaves iron in the medium unaffected. However, such experi-
mental tools are currently lacking. The divalent metal ions are similar,
and many calcium chelators and ﬂuorescent probes suffer from inter-
ference from binding heavy metals, such as iron.
Interestingly, whilewe stimulatedmitochondriawith iron and found
a role for calcium, Castilho et al. [46] challenged deenergized mitochon-
driawith calcium and tert-butyl hydroperoxide and showed that endog-
enous iron was involved because mitochondrial swelling was inhibited
by preincubation with o-phenanthroline, a lipophilic Fe(II) chelator. If
calcium loading can liberate endogenous iron inside the mitochondrial
matrix, our experiments can be interpreted in yet another way. For in-
stance, the post-iron addition of SIH may inhibit the delayed swelling
(Fig. 9A) not through binding the added iron following its import to
the mitochondrial matrix, but rather because it chelates endogenous
iron liberated in response to calcium, which was originally liberated by
the added iron.
Finally, are the data and their interpretation presented here rele-
vant as a model of physiological conditions? Approximately 5 μM che-
latable iron has been detected in the cytosol of cultured hepatocytes
[68], and experimental manipulations that release iron from lysosomes
reportedly increase the cytosolic chelatable iron to approximately
300 μM [42]. These observations correspond well with the 20 μM iron
used in our experiments, of which 7.5 μMwas presumably free, and ap-
proximately 0.5 μM iron reaches the mitochondrial matrix. There is evi-
dence that iron is able to induce the MPT in cultured cells. For example,
the MPT induced in cultured hepatocytes by tert-butyl hydroperoxidecould be prevented by iron chelators [69]. TheMPTwas observed in cul-
tured hepatocytes following the addition of iron [41], the expansion of
the endogenous chelatable iron pool due to hypothermia [40] or the ex-
perimentally induced release of iron from lysosomes [42]. The latter
study [42] also demonstrated that the lysosomal iron released into
the cytosol subsequently entered the mitochondria via the calcium
uniporter. Both the release of iron from lysosomes and the addition of
tert-butyl hydroperoxide must coincide for effective induction of the
MPT and cell death; the authors concluded that the ‘twohits’, i.e., oxidants
and increased chelatable iron, acted synergistically in the mechanism of
iron-dependent hepatotoxicity.
The results of our in vitro study suggest that iron is the most effec-
tive inducer of the MPT if it can liberate calcium ions from other com-
plexes in the incubation mixture. These results may appear trivial
because the MPT is clearly a calcium-driven phenomenon, or they
may appear artiﬁcial because the critical Ca-EDTA complex provided
by us was due to a deliberate choice of experimental conditions. How-
ever, our observations may, in fact, be considered quite relevant as a
model for the situation in the cell and suggest another mechanism of
iron toxicity. Interestingly, not only the iron concentration but also
the levels of calcium employed in this study correspondwell to the con-
ditions in the cytosol, in which the calcium levels reach approximately
0.1 μM at rest, and approximately 1 μM calcium already constitutes a
signal [70,71]. Although there is no EDTA inside the cells, EDTA, as
noted above, is not unique in its ability to bind both calcium and iron,
with a higher afﬁnity for the latter. The calcium buffering capacity in
the cytosol is high [70,71], and the ability of numerous calcium-binding
agents in the cell to discriminate between calcium and heavy metal
ions, such as iron or zinc, has not been systematically explored.
In numerous in vitro studies of iron toxicity, the action of the iron
has been augmented with a reductant, such as ascorbate, to generate
oxidative stress via cycles of iron oxidation with molecular oxygen
and reduction with the ascorbate. Such an experimental design is also
notably artiﬁcial as a model of the conditions inside the cell. The intra-
cellular environment is known to be highly reducing and, importantly,
contains 100–300-times less oxygen than the atmosphere; under such
conditions, the iron should undergo much less redox cycling compared
with an in vitro experiment. If the iron remains primarily divalent inside
the cell, it generates fewer radicals but ismore likely to displace calcium
ions, the extremely versatile and almost omnipotent secondmessenger
[70,71], from some of their typical binding sites. Overall, based on the
available evidence in the literature, it seems easier to observe the MPT
induction by iron in cultured cells than in isolated mitochondria. One
reason for this discrepancy may be that iron in the living cell induces
the MPT via liberation of calcium in a manner similar to that revealed
in our in vitro study. Further research into the interplay between calci-
um and iron in the living systems is warranted.
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